tive to erythroid cells, whereas inhibition of miR-145 or overexpression of Fli-1 has a reciprocal effect. Moreover, combined loss of miR-145 and RPS14 cooperates to alter erythroid-megakaryocytic differentiation in a manner similar to the 5q؊ syndrome. Taken together, these findings demonstrate that coordinate deletion of a miRNA and a protein-coding gene contributes to the phenotype of a human malignancy, the 5q؊ syndrome. (Blood. 2011; 118(17):4666-4673)
Large chromosomal deletions are among the most common molecular abnormalities in cancer, yet the identification of relevant genes has proven difficult. The 5q؊ syndrome, a subtype of myelodysplastic syndrome (MDS), is a chromosomal deletion syndrome characterized by anemia and thrombocytosis. Although we have previously shown that hemizygous loss of RPS14 recapitulates the failed erythroid differentiation seen in 5q؊ syndrome, it does not affect thrombocyto-sis. Here we show that a microRNA located in the common deletion region of 5q؊ syndrome, miR-145, affects megakaryocyte and erythroid differentiation. We find that miR-145 functions through repression of Fli-1, a megakaryocyte and erythroid regulatory transcription factor.
Patients with del(5q) MDS have decreased expression of miR-145 and increased expression of Fli-1. Overexpression of miR-145 or inhibition of Fli-1 decreases the production of megakaryocytic cells rela-Introduction
The 5qϪ syndrome is a subtype of myelodysplastic syndrome (MDS) characterized by a macrocytic anemia, a normal or elevated platelet count, and hypolobated micromegakaryocytes. 1 Patients have heterozygous deletions of chromosome 5q, and no genetic lesions have been identified on the intact allele that would cause homozygous inactivation of a gene, raising the hypothesis that haploinsufficiency for one or more genes is sufficient to cause the clinical phenotype of the 5qϪ syndrome. A common deleted region (CDR) for the 5qϪ syndrome has been mapped that spans approximately 1.5 megabases, encompassing 40 protein-coding genes. 2 In a screen of each of the genes within this CDR, we found that decreased expression of RPS14, encoding a member of the 40S ribosomal subunit, causes the erythroid phenotype of the 5qϪ syndrome. 3 Similarly, inherited mutations that inactivate one allele of other ribosomal proteins cause Diamond-Blackfan anemia (DBA), another disease in which patients have a severe macrocytic anemia. 4 Whereas macrocytic anemia is a defining feature of the 5qϪ syndrome and DBA, both of which are associated with haploinsufficiency for ribosomal genes, thrombocytosis is characteristic of the 5qϪ syndrome but not DBA. 5 We hypothesized that additional genes must contribute to the molecular basis of the 5qϪ syndrome given that RPS14 deficiency probably does not explain the full clinical phenotype of the 5qϪ syndrome, that deletions are universally large, and that no mutations have been found that inactivate RPS14 or any other single gene within the 5qϪ syndrome CDR.
In our genetic screen of the 5qϪ syndrome CDR, we evaluated all protein coding genes in the CDR for effects on differentiation, but no genes other than RPS14 altered the ratio of megakaryocytic to erythroid cells, either alone or in combination with RPS14. 3 Two miRNAs within the CDR, miR-143 and miR-145, are downregulated in a variety of human cancer types. 2, [6] [7] [8] [9] Reports have shown that these 2 miRNAs play an important role in the differentiation of both embryonic stem cells and smooth muscle. [10] [11] [12] Notably, a recent study has described a role for miR-145 (in combination with miR-146a) in contributing to thrombocytosis in murine hematopoietic progenitors via non-cell-autonomous paracrine regulation of IL-6 signaling. 13 We therefore examined whether these miRNAs might alter hematopoietic differentiation and contribute to the phenotype of the 5qϪ syndrome.
Methods

Cell culture
Human erythroleukemia (HEL) cells were acquired from ATCC and were cultured under standard conditions. Cryopreserved human bone marrow CD34 ϩ cells were obtained from Poietics. Erythroid and megakaryocytic Submitted December 14, 2010; accepted August 12, 2011. Prepublished online as Blood First Edition paper, August 26, 2011; DOI 10.1182/blood-2010-12-324715. *M.S.K. and A. Narla contributed equally to this study.
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The publication costs of this article were defrayed in part by page charge payment. Therefore, and solely to indicate this fact, this article is hereby marked ''advertisement'' in accordance with 18 USC section 1734. differentiation was induced in vitro using a 2-phase liquid culture system as previously described. 3 Cells were cultured in serum-free expansion medium (StemCell Technologies) supplemented with 100 U/mL penicillin/streptomycin, 2mM glutamine, 40 g/mL lipids (Sigma-Aldrich), 100 ng/mL SCF, 10 ng/mL IL-3, 50 ng/mL thrombopoietin, and 10 ng/mL IL-6. Erythropoietin was added on day 7 at a concentration of 3 U/mL. Cells were harvested for flow cytometry after 10 days of liquid culture.
Flow cytometry
Lineage-specific differentiation was evaluated by flow cytometry. Human hematopoietic cells were incubated for 15 minutes on ice with phycoerythrin, phycoerythrin-Cy5, or FITC-conjugated antibodies against glycophorin-A (BD Biosciences PharMingen), CD71 (BD Biosciences Pharmingen), and CD41 (BD Biosciences Pharmingen) to assess terminally differentiated erythroid cells, immature erythroid cells, and megakaryocytes, respectively. Murine bone marrow cells were incubated for 15 minutes on ice with allophycocyanin and phycoerythrin-conjugated antibodies against ter-119 (BD Biosciences Pharmingen) and CD41 (BD Biosciences Pharmingen) to assess erythroid cells and megakaryocytes.
Luciferase assays
Luciferase assays were performed as described previously. 14
Quantitative RT-PCR
Quantitative RT-PCR of miR-143, miR-145, snoRNA-142, human Fli-1, and GAPDH was performed using the corresponding TaqMan miRNA expression assays. Syntheses of cDNA and TaqMan were performed as described previously. 15, 16 All assays were performed in quadruplicate.
Bone marrow transplantation
Viral supernatants for retroviral constructs pMSCV.EGFP, pMSCV.miR-145.EGFP, and pMSCV.Fli-1.EGFP were produced as described previously. 17 Similar viral titers were used for each retroviral construct, and transduction efficiencies in primary cells were confirmed for the various constructs by flow cytometric analysis of GFP content. For bone marrow transplantation, 8-to 10-week-old BALB/C or C57BL/6 donor mice were injected with 5-fluorouracil (Sigma-Aldrich) 5 days before bone marrow collection from femurs and tibiae. After an overnight incubation in RPMI 1640 supplemented with 10% FBS, 10 ng/mL mIL-3, 20 ng/mL mIL-6, and 10 ng/mL mSCF, cells were spin-infected with viral supernatants 2 times on days 1 and 2, and 10 6 cells were injected into the tail vein of lethally irradiated wild-type BALB/C or C57BL/6 recipient mice. Animals were analyzed for BM progenitor cell differentiation 4-6 weeks after transplantation using allophycocyanin-conjugated rat anti-mouse TER119 antibody and PE-conjugated rat anti-mouse CD41 antibody (BD Biosciences PharMingen). Approval for the use of animals in this study was granted by the Children's Hospital Boston Institutional Animal Care and Use Committee.
Colony assays
Mouse megakaryocyte progenitor colony assays were performed according to the MegaCult-C technical manual (StemCell Technologies). Mouse bone marrow cells were added to MegaCult-C medium supplemented with 50 ng/mL murine thrombopoietin, 10 ng/mL human IL-3, 20 ng/mL human IL-6, and 50 ng/mL human IL-11 and plated in double-chamber slides. On day 7, the colonies were fixed and stained according to the manufacturer's instructions. The number of CFU-Mk colonies was assessed on day 8 by a scientist blinded to the experimental conditions. Mouse erythroid and myeloid colony assays were performed according to the MethoCult technical manual (StemCell Technologies). Mouse bone marrow cells were added to Complete MethoCult media and plated in 35-mm dishes. The number of burst-forming unit erythroid, colony-forming unit myeloid, and colony-forming unit granulocyte/erythrocyte/monocyte/megakaryocyte colonies were assessed on day 7 by a scientist blinded to the experimental conditions.
Human colony assays
Human megakaryocyte progenitor colony assays were performed according to the MegaCult-C technical manual (StemCell Technologies). Lentivirally infected human CD34 cells were added to MegaCult-C medium supplements with 50 ng/mL human thrombopoietin, 20 ng/mL human IL-6, and 10 ng/mL human IL-3 and plated in double chamber slides. On day 10, the colonies were fixed and stained according to the manufacturer's instructions. The number of CFU-Mk colonies was assessed on day 11 or 12 by a scientist blinded to the experimental conditions. Human erythroid and myeloid colony assays were performed according to the MethoCult technical manual (StemCell Technologies). Infected human CD34 cells were added to H04434 media and plated in 35-mm dishes. The number of burst-forming unit erythroid, colony-forming unit erythroid, and colony forming unit-granulocyte, macrophage was assessed after 14-16 days by a scientist blinded to the experimental conditions.
MDS sample acquisition and institutional review board approval
MDS patient samples were obtained following informed consent under institutional review board-approved protocols at Massachusetts General Hospital and the University of Massachusetts Medical Center.
Statistical analysis
The significance of experimental results was determined by Student t test unless otherwise noted.
Results
To examine a potential role for miR-143 and miR-145 in the 5qϪ syndrome and hematopoietic differentiation, we generated lentiviral vectors to overexpress them (supplemental Figure 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). When introduced into human CD34 ϩ hematopoietic progenitor cells triggered to undergo differentiation in vitro, overexpression of miR-145, but not miR-143, led to a significant decrease in the ratio of megakaryocytic to erythroid cells, even though both miRNAs were overexpressed ( Figure 1A ; supplemental Figure 1 ). Notably, these effects appear largely to be the result of defective megakaryocyte differentiation, as miR-145transduced cells have reduced numbers of megakaryocytic colonies in in vitro progenitor assays (supplemental Figure 1 ). Conversely, miR-145 expression caused no significant change in erythroid or erythroid blast colony formation, in contrast to knockdown of RPS14, which we have previously described as a regulator of erythroid differentiation (supplemental Figure 1 ). 3 Because the 5qϪ syndrome manifests in thrombocytosis, a relative decrease in megakaryocyte production in response to miR-145 overexpression is consistent with a role for miR-145 in the pathogenesis of the 5qϪ syndrome. Therefore, we focused our subsequent analysis on miR-145.
To assess the functional consequences of decreased miR-145 activity in human CD34 ϩ cells, we generated a lentiviral vector encoding an miRNA sponge, which consists of a synthetic concatemer of miR-145 binding sites to sequester the miRNA from its endogenous mRNA targets. 18 The sponge functioned as an inhibitor of miR-145 in the context of a synthetic miR-145 reporter (supplemental Figure 1 ). When transduced into human CD34 ϩ progenitors, inhibition of miR-145 by its sponge caused a significant increase in the ratio of megakaryocyte to erythroid cells, as expected for a factor whose loss contributes to 5qϪ syndrome ( Figure 1B ). Taken together, these results suggest that miR-145 For personal use only. on January 10, 2018. by guest www.bloodjournal.org From regulates the megakaryocyte-erythroid lineage decision in a manner consistent with its role in 5qϪ syndrome.
To ensure that the functional effects of miR-145 on hematopoiesis were relevant to 5qϪ MDS, we examined expression of miR-145 in MDS patient samples. Compared with bone marrow from both healthy persons (control) and MDS patient samples, wild-type for 5q (5q diploid MDS), samples from 5qϪ syndrome patients (5qϪ MDS) had significantly reduced levels of miR-145 ( Figure 1C ). This reduction in miR-145 expression showed a modest correlation with platelet counts in 5qϪ MDS while showing little correlation in 5q diploid MDS patient samples (supplemental Figure 1 ). We further examined the MIR-145 locus in CD34 ϩ progenitors from 5qϪ MDS patients to determine whether there are secondary mutations of the miRNA gene. Specifically, we sequenced ϳ 500 bp of flanking sequence containing MIR-145 in 72 MDS patient samples either wild-type or deleted for 5q (53 and 19 samples, respectively). However, we observed no mutations in the remaining allele of MIR-145, in line with previous sequence analysis of RPS14 in 5qϪ syndrome patients. 3 In sum, these findings indicate that miR-145 is down-regulated in 5qϪ MDS in the absence of secondary loss of function mutations.
To determine the mechanism by which miR-145 regulates hematopoiesis, we examined the predicted targets of miR-145 via the miRNA target prediction program TargetScan. 19 Fli-1 was one of the highest scoring targets, with multiple miR-145 bindings sites conserved across mammalian species (supplemental Figure 2 ). Fli-1, an ETS-family transcription factor originally found as an insertion site of the Friend leukemia virus, has been previously shown to play a role in megakaryocytic and erythroid differentiation. Overexpression of Fli-1 in leukemia cells induces megakaryocyte differentiation while suppressing erythroid differentiation. 20, 21 Moreover, Fli1 Ϫ/Ϫ embryos exhibit a severe defect in megakaryocyte differentiation, resulting in thrombocytopenia. 22 In addition, work has shown that loss of Fli-1 specifically affects both megakaryopoiesis and causes negative regulation of committed hematopoietic progenitor cells. 23 Patients harboring terminal deletions of 11q (which contains the FLI1 locus) develop Jacobsen syndrome, which manifests in dysmegakaryopoiesis and thrombocytopenia. Overexpression of Fli-1 in Jacobsen syndrome CD34 ϩ progenitors restores megakaryopoiesis in vitro. 24 Finally, a recent report has described Fli-1 as a target of miR-145 in endothelial cells. 25 Overall, these data support elevated Fli-1 expression altering megakaryocytic differentiation in the 5qϪ syndrome.
We therefore performed a series of experiments to determine the interaction of miR-145 and Fli-1. When miR-145 was overexpressed in either HEL cells or CD34 ϩ progenitors, we observed a substantial decrease in endogenous Fli-1 protein, whereas inhibition of miR-145 by its sponge caused a substantial increase in endogenous Fli-1 protein (Figure 2A ; supplemental Figure 2 ). To determine whether miR-145 regulated Fli-1 via its 3Ј-untranslated region (UTR), we generated a reporter in which the Fli-1 3Ј-UTR is positioned after Renilla luciferase. As shown in Figure 2B , overexpression of miR-145 was able to repress the Fli-1 reporter, similar to previous reports. 25 Conversely, inhibition of miR-145 by an miR-145 sponge caused a significant derepression of the Fli-1 3Ј-UTR (supplemental Figure 2) . Notably, neither overexpression nor inhibition of miR-145 affected expression of a similar reporter targeting the c-Myc 3Ј-UTR, even though miR-145 has recently been suggested to target c-Myc. 26 This may be because of differences in the expression systems and modes of miRNA inhibition, which could potentially affect miRNA activity.
Finally, we studied the function of predicted miR-145 binding sites in the Fli-1 3Ј-UTR by generating mutations of person or combined miR-145 binding sites in our Fli-1 3Ј-UTR reporter. Systematic mutation of the predicted miR-145 binding sites in the Fli-1 3Ј-UTR led to progressively greater derepression, with mutation of all 4 sites achieving a complete restoration of reporter expression ( Figure 2C) . To assess the relevance of Fli-1 regulation by miR-145 in MDS, we compared the expression of Fli-1 in bone marrow from healthy persons and in bone marrow from MDS patients with and without 5q deletions. As shown in Figure 2D , there was a significant increase in Fli-1 mRNA in 5qϪ MDS relative to controls, consistent with previous findings that miRNAs alter both mRNA and protein levels. [27] [28] [29] [30] [31] Moreover, there is a modest correlation in Fli-1 expression with platelet counts in 5qϪ MDS patients, with little correlation in 5q diploid MDS samples (supplemental Figure 1) . Taken together, these results indicate that miR-145 directly regulates Fli-1 through its 3Ј-UTR and that deletion of the CDR of 5q in MDS results in decreased miR-145 expression with a consequent increase in Fli-1 levels.
To analyze the functional effects of Fli-1, we expressed its cDNA without its 3Ј-UTR in primary human hematopoietic progenitor cells and examined the effect on megakaryocytic and erythroid differentiation. Comparable with inhibition of miR-145, overexpression of Fli-1 caused an increase in megakaryocytes relative to erythroid cells in response to differentiating cytokines ( Figure 2E) . Notably, Fli-1 appears to operate particularly via Western blotting was performed for Fli-1, actin, p38alpha, and GSK3beta. Fold expression was determined by the ratio of Fli-1 expression to p38alpha. These experiments were replicated twice. (B) Luciferase assays were performed in 293T cells cotransfected with control lentiviruses or lentiviruses overexpressing miR-143 or miR-145 and pRL-TK containing binding sites or murine Fli-1 and c-Myc 3ЈUTRs. pGL3 was used as a transfection control. Expression was normalized to pGL3 levels and subsequently normalized relative to pRL-CXCR4 expression. Values are mean Ϯ SEM (n ϭ 6) with propagated error. These experiments were replicated 3 times. (C) Luciferase assays were performed in 293T cells cotransfected with control lentiviruses (empty FLI1 wt) or lentiviruses overexpressing miR-145 and pRL-TK containing either the wild-type murine Fli-1 3Ј-UTR (FLI1 wt) or the Fli-1 3ЈUTR with individual or combined point mutations of miR-145 binding sites (FLI1 mut1-mut4). pGL3 was used as a transfection control. Expression was first normalized to pGL3 levels and subsequently normalized relative to FLI1 wt expression. Values are mean Ϯ SEM (n ϭ 6) with propagated error. These experiments were replicated 3 times. (D) Quantitative RT-PCR was performed for Fli-1 in CD34 ϩ progenitors as described in Figure 1C . Expression levels were normalized to GAPDH. Values are mean (n ϭ 4). These experiments were performed in quadruplicate and replicated twice. (E) Relative to a control cDNA (LacZ), overexpression of Fli-1 promotes megakaryocytic relative to erythroid differentiation in CD34 ϩ progenitors as assessed in Figure 1A For personal use only. on January 10, 2018. by guest www.bloodjournal.org From altered megakaryocytic differentiation, as Fli-1 overexpression significantly increases megakaryocyte colony numbers in in vitro progenitor assays, with notable but not significant effects on erythroid or erythroid blast colony formation (supplemental Figure  1) . Moreover, Fli-1 overexpression increased megakaryocytic differentiation in the absence of cytokines when cocultured on stromal cells (supplemental Figure 3) . Conversely, decreased expression of Fli-1 with multiple short hairpin RNAs (shRNAs) targeting Fli-1 (supplemental Figures 1 and 3 ) decreased the number of megarkyocytes relative to erythroid cells (supplemental Figure 3 ), as seen with overexpression of miR-145. In aggregate, although it is probable that additional predicted miR-145 targets contribute to its effects on megakaryocyte and erythroid differentiation, these results suggest that regulation of altered expression of Fli-1 by miR-145 plays a critical role in megakaryocytic differentiation.
To explore whether our analyses of miR-145 and Fli-1 activity in cell culture assays were relevant in vivo, we generated retroviral vectors for expression of miR-145, Fli-1, or a sponge targeting miR-145 and transplanted virally transduced bone marrow into lethally irradiated murine hosts. Consistent with the results of our cell culture studies, we found that expression of the miR-145 sponge led to a significant increase in platelet count in the peripheral blood whereas miR-145 overexpression caused a converse decrease in platelet count ( Figure 3A) . In contrast, miR-145 overexpression and the miR-145 sponge did not cause changes in the hematocrit or WBC levels in peripheral blood (supplemental Figure 4 ; and data not shown). Moreover, overexpression of Fli-1 led to an increase in the levels of megakaryocytes, whereas overexpression of miR-145 caused a substantial increase in the levels of total erythroid cells in the bone marrow ( Figure 3B ; supplemental Figure 4 ). Histologically, overexpression of Fli-1 led to an elevated number of hypolobated micromegakaryocytes, a key pathologic finding in the 5qϪ syndrome, relative to controls ( Figure 3C -D; supplemental Figure 5 ).
Bone marrow progenitor cells overexpressing miR-145 produced significantly fewer megakaryocyte colonies than control cells, whereas Fli-1 overexpression increased megakaryocyte colony formation ( Figure 3E ). Conversely, bone marrow progenitors overexpressing miR-145 had increased erythroid colony formation, whereas overexpression of Fli-1 suppressed erythroid colony formation ( Figure 3F ; supplemental Figure 4 ). We observed no significant change in hematopoietic stem cell (HSC) numbers in the bone marrow (supplemental Figure 4) . We also noted no significant changes in total colony number, granulocyte-macrophage, or multipotent progenitor colony formation (supplemental Figure 4 ). There was a modest increase in spleen weight in Fli-1-overexpressing animals (supplemental Figure 4) . Overall, these findings demonstrate that altered expression of both miR-145 and Fli-1 affects megakaryocyte production in vivo.
We have previously demonstrated that hemizygous deletion of a protein-coding gene, RPS14, in the 5qϪ syndrome potently suppresses erythroid differentiation. 3 We next sought to determine whether combined depletion of RPS14 and inhibition of miR-145 cooperate in the development of 5qϪ MDS. In contrast to knockdown of any other protein-coding gene in the 5qϪ CDR, the miR-145 sponge caused a significant increase in the ratio of megakaryocyte to erythroid cells when combined with shRNAs targeting RPS14 (Figure 4 ; supplemental Figure 6 ). 3 Furthermore, overexpression of Fli-1 in tandem with shRNAs targeting RPS14 promoted megakaryocyte versus erythroid differentiation, suggesting that Fli-1 up-regulation by miR-145 specifically cooperates with loss of RPS14 (supplemental Figure 6 ). Overall, these findings suggest that miR-145 loss and subsequent overexpression of Fli-1 can cooperate with loss of RPS14 in hematopoietic progenitors.
Based on this ability of miR-145 inhibition to cooperate with RPS14 loss and the antiproliferative effects of RPS14 knockdown, we examined the consequences of altered miR-145 activity on the general proliferation and survival of hematopoietic progenitor cells. When miR-143 or miR-145 were overexpressed in CD34 ϩ progenitor cells, we observed a reduction in cellular number, and RPS14 shRNAs caused an even greater degree of inhibition ( Figure  5A ). In contrast, both the miR-145 sponge and overexpression of Fli-1 increased the number of CD34 ϩ progenitor cells ( Figure 5B) . Notably, the miR-145 sponge also increased the number of CD34 ϩ progenitor cells that simultaneously expressed shRNAs against RPS14 ( Figure 5C ). Notably, these effects on progenitor number tracked closely with effects on apoptosis, with miR-143 and miR-145 overexpression and knockdown of RPS14 causing an increase in CD34 ϩ cell death and expression of the miR-145 sponge conversely reducing cell death (supplemental Figure 6) .
To validate the functional relevance of miR-145 in the 5qϪ syndrome, we sought to determine whether overexpression of miR-145 could rescue the megakaryocytic differentiation defect in bone marrow cells from patients with MDS and 5q deletions. CD34 ϩ cells from viably frozen bone marrow mononuclear cells obtained from MDS patients with and without 5q deletions were induced to undergo differentiation in vitro. FACS analysis showed that, relative to a control shRNA, lentiviral expression of miR-145 promoted erythroid differentiation specifically in samples from patients with 5qϪ MDS and not in patients with the 5q diploid form of the disease (Figure 6 ). These results indicate that loss of miR-145 cooperates with loss of RPS14 in the megakaryocyteerythroid differentiation effects seen in the 5qϪ syndrome.
Discussion
The results presented here support a model in which the hemizygous deletion of a microRNA (MIR-145) and a protein-coding gene (RPS14) act coordinately to alter hematopoiesis in the 5qϪ syndrome. Decreased expression of miR-145 causes a relative increase in the production of megakaryocytes, whereas increased expression of miR-145 decreases the relative production of megakaryocytes. We found that a critical target of miR-145 is the FLI1 gene, encoding a transcription factor that is known to play a central Figure 1A . These experiments were performed in triplicate and replicated 3 times. *P Ͻ .05. ***P Ͻ .0005. role in megakaryopoiesis. In addition, Fli-1 overexpression can lead to myeloid malignancies. 32 As expected, in MDS patients with del(5q), the expression of miR-145 is decreased and the expression of Fli-1 is increased. The effects of decreased expression of miR-145 and RPS14 are additive, indicating that the 5qϪ syndrome is a coordinate gene deletion syndrome, the first such syndrome to be described that involves an miRNA and a proteincoding gene.
A recent study reported that decreased expression of miR-145 (in combination with miR-146a) in murine hematopoietic progenitors, when transplanted into irradiated hosts, caused thrombocytosis and hypolobated micromegakaryocytes. 13 Whereas miR-145 lies within the reported 5qϪ syndrome CDR, and miR-146a does not, both miRNAs are deleted in most patients with del(5q). A mechanism was identified in which the thrombocytosis is caused by paracrine signaling via up-regulation of TIRAP and TRAF6 (which are regulated by miR-145 and miR-146a, respectively), causing secretion of IL-6. In combination with our findings, this study indicates that deletion miR-145 and miR-146a alters megakaryopoiesis via complementary cell autonomous and non-cellautonomous mechanisms.
We found that MDS patients with del(5q) have a loss of miR-145 expression that is greater than the 50% decrease that might be expected because of heterozygous deletion. A similar expression pattern for miR-145 was reported by Starczynowski et al. 13 We did not identify any mutations in MIR-145 in 5qϪ MDS patient samples. Recent work in a mesenchymal stem cell model of Ewing sarcoma, which is driven by an activating translocation of FLI1, has shown that Fli-1 can directly bind and repress transcription of the primary transcript for miR-145. 33 Thus, it is possible that hemizygous loss of miR-145 generates a positive feedback loop via Fli-1-mediated repression of miR-145 transcription, allowing for enhanced overexpression of Fli-1 in the 5qϪ syndrome.
Large, recurrent heterozygous deletions are common in many tumor types, and it is probable that reduced expression of more than one gene has phenotypic consequences within many of these deletions. 34 Future genomic analyses of cytogenetic deletions should examine the integrated effects of copy number changes of both coding and noncoding genes. Figure 6 . miR-145 promotes differentiation specifically in 5q؊ MDS hematopoietic progenitors. CD34 ϩ cells from bone marrow aspirates of patients with 5qϪ syndrome and MDS patients without 5q deletions were infected with a lentivirus expressing miR-145 or an shRNA-targeting Renilla luciferase (shluc). In patients with 5q deletions (shown in red), miR-145 overexpression increased erythroid relative to megakaryocytic differentiation. No consistent changes in erythroid relative to megakaryocytic differentiation were observed with miR-145 overexpression in patients lacking 5q deletions (shown in blue). The difference between the groups was statistically significant (P ϭ .0005 by 2-way ANOVA), and the pairwise differences in erythroid relative to megakaryocytic differentiation in the 5qϪ MDS samples were statistically significant by the Student t test. Values are mean Ϯ SEM (n ϭ 3) with propagated error. *P Ͻ .05. 
